Investigation on the Impacts of Vessel Flooding on Roll Motion by Bacon, Adam N.
University of New Orleans 
ScholarWorks@UNO 
Senior Honors Theses Undergraduate Showcase 
Spring 2019 
Investigation on the Impacts of Vessel Flooding on Roll Motion 
Adam N. Bacon 
University of New Orleans 
Follow this and additional works at: https://scholarworks.uno.edu/honors_theses 
 Part of the Engineering Commons 
Recommended Citation 
Bacon, Adam N., "Investigation on the Impacts of Vessel Flooding on Roll Motion" (2019). Senior Honors 
Theses. 127. 
https://scholarworks.uno.edu/honors_theses/127 
This Honors Thesis-Unrestricted is protected by copyright and/or related rights. It has been brought to you by 
ScholarWorks@UNO with permission from the rights-holder(s). You are free to use this Honors Thesis-Unrestricted 
in any way that is permitted by the copyright and related rights legislation that applies to your use. For other uses 
you need to obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative 
Commons license in the record and/or on the work itself. 
 
This Honors Thesis-Unrestricted has been accepted for inclusion in Senior Honors Theses by an authorized 
administrator of ScholarWorks@UNO. For more information, please contact scholarworks@uno.edu. 
  
 
Investigation on the Impacts 
of Vessel Flooding on Roll Motion 
 
 
An Honors Thesis 
Presented to 
the School of Naval Architecture and Marine Engineering 
of the University of New Orleans 
 
 
In Partial Fulfillment 
of the Requirements for the Degree of 
Bachelor of Science, with Departmental Honors 
in Naval Architecture and Marine Engineering 
 
by 
Adam N. Bacon 
May 2019 
 
 
 
 
Acknowledgment 
 
I’d like to thank my thesis advisor, Dr. Brandon M. Taravella, Associate Professor 
at the School of Naval Architecture and Marine Engineering at UNO, for all his 
help in guiding this thesis, providing resources, and editing of the drafts. From start 
to finish, I could walk into Dr. Taravella’s office at any time and know that I’d walk 
away with a better understanding and a better product. 
 
Special thanks also go to Kyle Marlantes, Dr. Lothar Birk, and Ms. Erin Sutherland. 
Kyle is an alumnus of the School of Naval Architecture and Marine Engineering 
who now works at Creative Systems, Inc. I’d like to thank him for his explanations 
of the program General HydroStatics and its seakeeping module. Dr. Lothar Birk, 
the Chair of the School of Naval Architecture and Marine Engineering at UNO, 
deserves thanks for his role as the second reader of this thesis. Ms. Erin Sutherland, 
Campus Advisor of the Honors Program Staff at UNO, deserves special thanks for 
her many answers to my numerous questions related to dates, times, protocol, and 
formatting of this thesis.  
 
Finally, special thanks belong to my family. As always, mom and dad have 
provided moral support and motivation throughout this thesis. This thesis 
represents the culmination of 16 years of education and their love, support, and 
care. I love you both. 
Table of Contents 
  
 
List of Tables .................................................................................................................. ii 
List of Figures ................................................................................................................ iii 
Abstract .......................................................................................................................... ix 
Introduction ..................................................................................................................... 1 
Theory ............................................................................................................................. 3 
Discussion ..................................................................................................................... 23 
Conclusion .................................................................................................................... 31 
References ..................................................................................................................... 33 
Appendix ....................................................................................................................... 34 
  
 
 
 
 
 
 
 
 
 
 
ii 
 
List of Tables 
 
 
Table 1..………………………………………………………………………pg 11 
Table 2..………………………………………………………………………pg 11 
Table 3..………………………………………………………………………pg 12 
Table 4..………………………………………………………………………pg 13 
Table 6..………………………………………………………………………pg 16 
Table 7..………………………………………………………………………pg 17 
Table 8..………………………………………………………………………pg 18 
Table 9..………………………………………………………………………pg 20 
Table 10…………,,………………………………………………………… pg 21 
Table 11…………,,………………………………………………………… pg 22 
 
 
 
 
 
 
 
 
 
 
iii 
 
List of Figures 
 
Figure 1..……………………………………………………………………… pg 3 
Figure 2..……………………………………………………………………… pg 8 
Figure 3.………………………………………………………………………pg 11 
Figure 4……………………………………………………………………… pg 13 
Figure 5……………………………………………………………………… pg 14 
Figure 6……………………………………………………………………… pg 15 
Figure 7……………………………………………………………………… pg 15 
Figure 8……………………………………………………………………… pg 19 
Figure 9……………………………………………………………………… pg 19 
Figure 10…………,,………………………………………………………… pg 20 
Figure 11……………………,,……………………………………………… pg 21 
Figure 12……………………………………………………………………  pg 22 
Figure 13……………………………………………………………………  pg 24 
Figure 14……………………………………………………………………. pg 24 
Figure 15……………………………………………………………………  pg 25 
Figure 16……………………………………………………………………  pg 34 
Figure 17……………………………………………………………………  pg 34 
Figure 18……………………………………………………………………  pg 35 
Figure 19……………………………………………………………………  pg 35 
Figure 20……………………………………………………………………  pg 36 
iv 
 
Figure 21……………………………………………………………………  pg 36 
Figure 22……………………………………………………………………  pg 37 
Figure 23……………………………………………………………………  pg 37 
Figure 24……………………………………………………………………  pg 38 
Figure 25……………………………………………………………………  pg 38 
Figure 26……………………………………………………………………  pg 39 
Figure 27……………………………………………………………………  pg 39 
Figure 28……………………………………………………………………  pg 40 
Figure 29……………………………………………………………………  pg 40 
Figure 30……………………………………………………………………  pg 41 
Figure 31……………………………………………………………………  pg 41 
Figure 32 ……………………………………………………………………  pg 42 
Figure 33 ……………………………………………………………………  pg 42 
Figure 34 ……………………………………………………………………  pg 43 
Figure 35……………………………………………………………………   pg 43 
Figure 36 ……………………………………………………………………  pg 44 
Figure 37……………………………………………………………………   pg 44 
Figure 38……………………………………………………………………   pg 45 
Figure 39……………………………………………………………………   pg 45 
Figure 40……………………………………………………………………   pg 46 
Figure 41 ……………………………………………………………………  pg 46 
Figure 42……………………………………………………………………   pg 47 
v 
 
Figure 43……………………………………………………………………   pg 47 
Figure 44 ……………………………………………………………………  pg 48 
Figure 45……………………………………………………………………   pg 48 
Figure 46……………………………………………………………………   pg 49 
Figure 47 ……………………………………………………………………  pg 49 
Figure 48……………………………………………………………………   pg 50 
Figure 49 ……………………………………………………………………  pg 50 
Figure 50……………………………………………………………………   pg 51 
Figure 51……………………………………………………………………   pg 51 
Figure 52……………………………………………………………………   pg 52 
Figure 53 ……………………………………………………………………  pg 52 
Figure 54……………………………………………………………………   pg 53 
Figure 55 ……………………………………………………………………  pg 53 
Figure 56 ……………………………………………………………………  pg 54 
Figure 57 ……………………………………………………………………  pg 54 
Figure 58……………………………………………………………………   pg 55 
Figure 59……………………………………………………………………   pg 55 
Figure 60……………………………………………………………………   pg 56 
Figure 61 ……………………………………………………………………  pg 56 
Figure 62 ……………………………………………………………………  pg 57 
Figure 63……………………………………………………………………   pg 57 
Figure 64 ……………………………………………………………………  pg 58 
vi 
 
Figure 65……………………………………………………………………   pg 58 
Figure 66 ……………………………………………………………………  pg 59 
Figure 67 ……………………………………………………………………  pg 59 
Figure 68 ……………………………………………………………………  pg 60 
Figure 69……………………………………………………………………   pg 60 
Figure 70 ……………………………………………………………………  pg 61 
Figure 71 ……………………………………………………………………  pg 61 
Figure 72……………………………………………………………………   pg 62 
Figure 73……………………………………………………………………   pg 62 
Figure 74……………………………………………………………………   pg 63 
Figure 75……………………………………………………………………   pg 63 
Figure 76 ……………………………………………………………………  pg 64 
Figure 77 ……………………………………………………………………  pg 64 
Figure 78 ……………………………………………………………………  pg 65 
Figure 79 ……………………………………………………………………  pg 65 
Figure 80 ……………………………………………………………………  pg 66 
Figure 81 ……………………………………………………………………  pg 66 
Figure 82 ……………………………………………………………………  pg 67 
Figure 83 ……………………………………………………………………  pg 67 
Figure 84 ……………………………………………………………………  pg 68 
Figure 85 ……………………………………………………………………  pg 68 
Figure 86 ……………………………………………………………………  pg 69 
vii 
 
Figure 87……………………………………………………………………   pg 69 
Figure 88……………………………………………………………………   pg 70 
Figure 89……………………………………………………………………   pg 70 
Figure 90 ……………………………………………………………………  pg 71 
Figure 91……………………………………………………………………   pg 71 
Figure 92……………………………………………………………………   pg 72 
Figure 93……………………………………………………………………   pg 72 
Figure 94……………………………………………………………………   pg 73 
Figure 95……………………………………………………………………   pg 73 
Figure 96……………………………………………………………………   pg 74 
Figure 97……………………………………………………………………   pg 74 
Figure 98 ……………………………………………………………………  pg 75 
Figure 99……………………………………………………………………   pg 75 
Figure 100…………………………………………………………………… pg 76 
Figure 101…………………………………………………………………… pg 76 
Figure 102…………………………………………………………………… pg 77 
Figure 103…………………………………………………………………… pg 77 
Figure 104…………………………………………………………………… pg 78 
Figure 105…………………………………………………………………… pg 78 
Figure 106…………………………………………………………………… pg 79 
Figure 107…………………………………………………………………… pg 79 
Figure 108…………………………………………………………………… pg 80 
viii 
 
Figure 109…………………………………………………………………… pg 80 
Figure 110…………………………………………………………………… pg 81 
Figure 111…………………………………………………………………… pg 81 
Figure 112…………………………………………………………………… pg 82 
Figure 113…………………………………………………………………… pg 82 
Figure 114…………………………………………………………………… pg 83 
Figure 115…………………………………………………………………… pg 83 
Figure 116…………………………………………………………………… pg 84 
Figure 117…………………………………………………………………… pg 84 
Figure 118…………………………………………………………………… pg 85 
Figure 119…………………………………………………………………… pg 85 
Figure 120…………………………………………………………………… pg 86 
Figure 121…………………………………………………………………… pg 86 
Figure 122…………………………………………………………………… pg 87 
Figure 123…………………………………………………………………… pg 87 
 
 
 
 
 
 
 
ix 
 
Abstract 
 
This thesis develops a method to analyze the roll response of a vessel during a 
damaged (flooded) scenario.  This was done by developing a time-domain method 
in which the damaged compartment was flooding while the ship is simultaneously 
subjected to a seaway. The KRISO containership was used as a test hull and was 
subjected to three flooding conditions. These flooding conditions involved flooding 
Hold 5, Hold 3, and Hold 1 separately. Newmark’s Beta method for linear 
acceleration was used to solve the roll motion of equation in which the 
hydrodynamic coefficients A44, B44, and C44 were predetermined from linear strip 
theory for various drafts and trim angles. The roll response in the transient flooding 
state and the steady state, after flooding ceased (fully damaged state), while in wave 
action was simulated and plotted. The amplitudes from the initial and damaged 
steady states were recorded at the given wave frequency and wave amplitude, to 
generate the roll response amplitude operators for the vessel from wave frequency 
ω = 0.1 rad/s to ω = 2.1 rad/s. Analysis of the RAO curves revealed that the KRISO 
was not made significantly more unstable by the flooding, for the conditions that 
were considered, for nearly all wave frequencies except the natural frequency of 
0.5 rad/s.  
Keywords:  roll motion, damaged stability, flooding, seakeeping
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Introduction 
 
The roll motion of a ship during a flooding scenario can be critical to the 
survivability of a ship.  The ship experiences changes in draft, trim, heel and free 
surface moment which can negatively impact the stability of the ship.  Naval 
architects typically analyze the damage stability of a ship in a quasi-static approach 
in which the available righting energy post-damage is considered [2]. Naval 
architects often do not consider the effects of flooded compartments on the dynamic 
response (i.e. roll motion) of the ship.   
Adi Maimun, et al [4] analyzed a flooding passenger ferry in stern seas. This 
study considered the roll and heave of the passenger vessel in the time domain and 
conducted both a simulation and experiment. This study found that “as the KG and 
wave height increase, the dynamic effect of waves on the damaged vessel increases 
significantly and the possibility of capsizing becomes me more significant.” [4] It 
was used initially as a guide to determining the equation of motion for roll used in 
this thesis and for what kind of data may be gained from time domain analysis. 
Another experimental and theoretical research on the survivability of a damaged 
Ro-Ro passenger vessel in an irregular seaway was carried out by Chang and Blume 
[5]. That study used non-linear equations for roll and surge motions. Heave, pitch, 
sway and yaw were treated linearly using the strip method. In this study transverse 
bulkheads were found to be a better alternative than longitudinal bulkheads for 
survivability.  
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A damage stability experiment on a tanker with partially flooded 
compartments was conducted by DeKat. [6] A tanker was placed in beam waves 
and tested with various amounts of fluid in the vessel. In addition, a non-linear time 
domain model was used to simulate the amplitude response of the damaged tanker 
in waves, with six degrees of freedom. It was found that theoretical and 
experimental heave values in beams seas generally agree.  
 
The objective of this thesis was to examine the roll motion of the KRISO 
container ship in beam seas, in both a damaged and intact condition, for various 
flooding conditions, in the time domain. A program simulating this was created so 
that the transient and steady states could be analyzed. These flooding conditions 
involved partially flooding holds at various locations in the vessel, with the 
assumption of collision occurring. This study hoped to find significant information 
on how the vessel responds to wave action depending on the location of the 
flooding, both in the steady and transient states. Damage stability was not the 
primary focus of this study, but further study could yield damage stability criteria 
for this kind of vessel.   
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Theory 
 
Ships have six degrees of freedom. In terms of translation in an axis direction, 
they can surge, sway, and heave. In terms of rotation around an axis, they can roll, 
pitch, and yaw. These motions are visualized in Figure 1.  
 
 
 
 
 
 
 
 
Figure 1: A visualization of ship movement [1] 
 
The equation of motion for this 6-DOF system in matrix form is: 
[𝑀][𝑦]̈ + [𝑐][?̇?] + [𝑘][𝑦] = [𝐹] 
In this equation, [M] represents the mass/inertia, [𝑐] represents the hydrodynamic 
dampening, and [𝑘] represents the hydrostatic stiffness.  
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Most ships are longer than they are wide (i.e. slender). The ability to resist rolling 
is determined by its transverse inertia, which is determined by the waterplane area 
geometry. Some ship types are particularly vulnerable to rolling, such as the 
container ship. Their relatively low resistance to rolling results in a natural period 
that can be regularly matched by ocean wave patterns. When a vessel moves in a 
certain fashion, at a frequency close to or equal to its natural frequency for that 
motion, the amplitude of that motion is amplified significantly. A vessel struck by 
beam waves that match the vessel’s natural frequency in roll will experience very 
large roll motions if the wave height is considerable.   
 
To model the roll motion, the general 6-DOF equation was simplified to a single 
degree of freedom by decoupling the motion from the remaining five degrees of 
freedom.   This assumes that the vessel is symmetric about its centerline. The 
following equation was developed: 
(𝐴44 +  𝑚
2𝑟𝑐𝑔)η̈4 + 𝐵44η̇4 + 𝐶44η4 = 𝐹4 
A ship has three primary coefficients related to roll. These are (A44 + m
2rcg), B44, 
and C44. Variable m is the mass of the ship, and rcg its radius of gyration about its 
center of gravity. In addition, there is an external forcing variable Fo. 
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Introduction to Newmark’s Beta method 
Newmark’s Beta method (linear acceleration method) was used in this study to 
solve the initial boundary value problem that is the equation of the motion, while 
the roll of a vessel is generally non-linear, the linearization resulting in the 
equation of motion allows for the application of Newmark’s Beta method. This 
method predicts the values of acceleration, velocity and displacement at t = t+1. 
This method assumes linear acceleration and operates across small time steps. [7] 
The basic equation of motion is stated as: 
𝑚?̈?(𝑡) + 𝑐?̇?(𝑡) + 𝑘𝑥(𝑡) = −𝑚?̈?𝑔(𝑡) 
By assuming incremental steps, this equation is rewritten as: 
𝑚∆?̈?𝑖 + 𝑐∆?̇?𝑖 + 𝑘∆𝑥𝑖 = −𝑚∆?̈?𝑔
𝑖  
The incremental variables are defined as: 
∆?̈?𝑖 =  ?̈?𝑖+1 −  ?̈?𝑖  
∆?̇?𝑖 =  ?̇?𝑖+1 −  ?̇?𝑖  
∆𝑥𝑖 =  𝑥𝑖+1 −  𝑥𝑖  
∆𝑡𝑖 =  𝑡𝑖+1 −  𝑡𝑖  
∆?̈?𝑔
𝑖 =  ?̈?𝑔
𝑖+1 −  ?̈?𝑔
𝑖  
By assuming linear variation of acceleration:  
?̈?(𝑡) =  ?̈?𝑖 +  
∆?̈?𝑖
∆𝑡𝑖
𝑡 
?̇?(𝑡) = ?̇?𝑖 + ?̈?𝑖𝑡 + 
∆?̈?𝑖
∆𝑡𝑖
(
𝑡2
2
) 
𝑥(𝑡) = 𝑥𝑖 + ?̇?𝑖𝑡 + ?̈?𝑖
𝑡2
2
+  
∆?̈?𝑖
∆𝑡𝑖
(
𝑡3
6
) 
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By substituting t = Δt and expressing it in terms of ∆?̈?𝑖, then we have: 
∆?̈?𝑖 =  
6
∆𝑡𝑖
2 ∆𝑥𝑖 − 
6
∆𝑡𝑖
?̇?𝑖 − 3?̈?𝑖 
∆?̇?𝑖 =  
3
∆𝑡𝑖
∆𝑥𝑖 − 3?̇?𝑖 −
∆𝑡𝑖
2
?̈?𝑖 
By substituting these two equations into the second equation and solving for Δxi 
∆𝑥𝑖 =  
𝑝𝑒𝑓𝑓
𝑘𝑒𝑓𝑓
 
𝑝𝑒𝑓𝑓 =  −𝑚∆?̈?𝑔
𝑖 + (
6
∆𝑡𝑖
𝑚 + 3𝑐) ?̇?𝑖 + (3𝑚 +  
∆𝑡𝑖
2
𝑐) ?̈?𝑖 
𝑘𝑒𝑓𝑓 =  
6
∆𝑡𝑖
2 𝑚 + 
3
∆𝑡𝑖
𝑐 + 𝑘 
Based on this, 
?̈?𝑖+1 =  
1
𝑚
[−𝑚?̈?𝑔
𝑖+1 − 𝑐?̇?𝑖+1 − 𝑘𝑥𝑖+1] 
A requirement of Newmark’s Beta method is that: 
∆𝑡𝑖
𝑇𝑜
≤ 0.551 
where To is the period. 
 
Applying Newmark’s Beta method to rolling problem 
To apply this to the equation of motion, relations between certain variables were 
made. The corresponding variables for (A44 + m
2rcg), B44, C44 and Fo are m, c, k, 
−𝑚∆?̈?𝑔
𝑖 , respectively. This study explores the roll motion, of the vessel, which is 
rotation about the x-axis. Therefore, variable x must be substituted with the angle 
of heel ηi.  
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The rewritten equation of motion is: 
(𝐴44 + 𝑚
2𝑟𝑐𝑔)η̈𝑖 + 𝐵44η̇𝑖 + 𝐶44η𝑖 = 𝐹4 
From here on variable A = (A44 + m
2rcg).  
∆η̈𝑖 =  
6
∆𝑡𝑖
2 ∆η𝑖 − 
6
∆𝑡𝑖
η̇𝑖 − 3η̈𝑖  
∆η̇𝑖 =  
3
∆𝑡𝑖
∆η𝑖 − 3η̇𝑖 −
∆𝑡𝑖
2
η̈𝑖 
∆η𝑖 =  
𝑝𝑒𝑓𝑓
𝑘𝑒𝑓𝑓
 
∆η𝑖 =  
𝐹4
𝑖 + (
6
∆𝑡𝑖
𝐴 + 3𝐵44) η̇𝑖 + (3𝐴 +  
∆𝑡𝑖
2 𝐵44) η̈𝑖
6
∆𝑡𝑖
2 𝐴 +  
3
∆𝑡𝑖
𝐵44 + 𝐶44
 
η̈ =  
1
𝐴
[𝐹4
𝑖+1 − 𝐵44η̇𝑖+1 − 𝐶44η𝑖+1] 
η̇(𝑡) = η̇𝑖 + η̈𝑖𝑡 + 
∆η̈𝑖
∆𝑡𝑖
(
𝑡2
2
) 
η(𝑡) = η𝑖 + η̇𝑖𝑡 + η̈𝑖
𝑡2
2
+  
∆η̈𝑖
∆𝑡𝑖
(
𝑡3
6
) 
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Applying Newmark’s Beta method 
By applying harmonic waves of constant period and constant amplitude, we can 
use Newmark’s Beta method for this problem. The algorithm of the method is 
defined by the flow chart seen in Figure 2.  
 
Figure 2: The basic steps completed by each test’s program. 
 
The method constants A44, B44, and C44 were calculated by the linear strip theory 
seakeeping module of the program General HydroStatics (GHS) for variations of 
draft and trim. By gathering these constants at each time step, parametric equations 
can be fitted to this data. Polynomial equations of the sixth order were used in this 
study. These equations allow for interpolation and a finer time steps to be used in 
Define method constants
Calculate roll angle, velocity, and 
acceleration for t = 0
Calculate roll angle, velocity, and 
acceleration for wave transient 
and steady state phase
State the parametric equations 
for the ship mass properties
Calculate roll angle for the 
flooding tranisent  and steady 
state phase
Plot roll angle vs time
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the algorithm if desired. These equations are used to compute the coefficients in the 
transient region during the flooding of the vessel. 
 
By applying this basic method, two steady states regions exist. The first will be 
after the intact vessel settles into the rolling motion caused by the beam waves. This 
steady state will be more indicative of the vessel’s actual reaction to the wave field, 
as the transient state is not necessarily accurate. The transient state represents the 
vessel, as if it was suddenly dropped into the current wave pattern. This is not 
realistic, as the wave pattern would gradually develop over a long period of time, 
and the vessel would slowly adjust to it. This first steady state region serves as a 
useful comparison to the steady state experienced when the vessel stops flooding.  
 
The second steady state region, after the flooding stops, indicates the effect of the 
wave pattern on the ship now that it has heeled, trimmed, and sunk. By measuring 
the amplitude of both steady states, the damaged and initial response amplitude 
operator (RAO) curves can be created. By comparing these two curves, the effects 
of the flooding on the ship’s roll can be analyzed.  
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Introduction to the Response Amplitude Operator Curve 
A RAO is the amplitude response of a vessel in a certain degree of freedom 
normalized by the amplitude of the waves striking the vessel. By recording the 
amplitude and calculating the RAO at various wave frequencies, a curve can be 
created for a vessel. A RAO curve peaks when the wave frequency matches the 
natural frequency of the vessel.  
 
Introduction to Code of Federal Regulations 
The Code of Federal Regulations (CFR) Titles 46 contains rules that apply to 
intracoastal, river, and lake traffic in the United States, along with ocean going U..S 
flagged vessels, as designated by the U.S. Coast Guard, Department of Homeland 
Security. Title 46, Subchapter S, Part 172, Subpart H Special Rules Pertaining to 
Great Lakes Dry Bulk Cargo Vessels contains rules of survival conditions and 
damaged stability for dry bulk cargo vessels. Sections of these rules were chosen 
as a guide for selecting compartment permeability and size and location of damage. 
Bulk cargo ships and container ships both contain large holds for most of their 
length that can be extensively flooded. This section of the CFR goes into great deal 
about the flooding of these spaces and contains specific rules that determine 
whether the ship in question has survived. For the purposes of this thesis, Part 
172.240 Permeability of Spaces is most useful, as it provides a permeability 
coefficient that can be applied to the cargo holds. The permeability coefficient can 
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be applied to the total volume of a hold to estimate how much water can flood into 
a hold.  
 
 
 
 
Figure 3: Permeability constraints (Part 172. Permeability of Spaces in [8]) 
 
Table 1: Permeability (Table 172.240 – Permeability in [8]) 
 
 
 
 
 
 
 
 
  
Table 2: Collision Penetration (Table 172.235 – Extent of Damage in [9]) 
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In this thesis, the KRISO container ship vessel has a collision penetration inflicted 
on it. This is because the vertical extent of a collision generally ruptures a 
significant vertical amount of side shell. By knowing the permeability percentage 
of a cargo space, both filled and empty, the tests can be properly conducted. 
 
Specifications of Each Test 
Table 3: Test matrix, split into three flooding conditions 
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The goal of this test matrix is to create a response amplitude operator curve for each 
flooding condition. By creating these curves, it can be determined whether flooding 
of these holds creates a significant difference in response and whether flooding 
position is a factor in the response in the steady state regions.   
 
Parameters of the KRISO model 
Table 4: Principal parameters of the KRISO, compiled from [3] 
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Figure 4: Body plan of the KRISO (Figure 1 in [3]) 
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Figure 6: Cross section of Holds 5 and 3. Diagonal lines indicate flooding 
 
 
 
 
 
 
 
 
 
Figure 7: Cross section of Hold 1. Diagonal lines indicate flooding 
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Table 5: Dimensions and capacities of each hold 
 
 
 
 
Results 
 
Table 6: Results of flooding calculations for Hold 5 
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Table 7: Results of flooding calculations for Hold 3 
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Table 8: Results of flooding calculations for Hold 1 
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Tables 6 through 8 contain the changing weight of the ship, along with the 
progressively increasing static heel angle, as each hold is flooded separately. The 
angle of heel was calculated by the General HydroStatics (GHS) program for static 
equilibrium. 
 
 
 
 
 
 
 
 
 
Figure 8: The steady state oscillations for initial condition, Test 5 
 
 
 
 
 
 
 
 
Figure 9: The steady state oscillations for damaged initial condition, Test 5 
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Figures 8 and 9 are examples of the steady state regions that amplitudes used in the 
RAO curves were measured from. All 72 of these graphs are in the appendix. 
Measurements off these graphs created the curves seen in Figures 10, 11, and 12 on 
the following pages. Tables 9, 10, and 11 contain their corresponding data. 
Table 9: This table contains the RAO data for Tests 1-12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: This figure contains the RAO curves for Tests 1-12 
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Table 10: This table contains the RAO data for Tests 13-24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: This figure contains the RAO curves for Tests 13-24 
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Table 11: This table contains the RAO data for Tests 25-36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: This figure contains the RAO curves for Tests 25-36 
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Discussion 
 
Tables 6 through 7 detail the shifting weight specifications of the ship, as the port 
portions of Holds 5, 3, and 1 flood separately. It should be noted that Hold 1, due 
to its location near the bow of the ship is narrower and therefore contained less 
floodable volume. Hold 1 flooded with 2650 long tons of salt water, while Holds 3 
and 5 flooded with 3380 long tons of salt water. However, despite this lesser 
volume, the vessel heeled over only to a slightly lesser static heel angle (3.35 
degrees instead of 3.36).  
 
Figures 8 and 9 represent an ideal version of the initial and flooded steady states, 
respectively. This is because they both reach steady oscillation with unvarying 
amplitude. However, not all the steady state graphs in Appendix I are ideal like this. 
Some appear to be approaching a steady state, but do not have enough time to settle 
before a new transient phase begins. In these cases, the average amplitude was 
simply approximated to be roughly two-thirds of the largest amplitude, which 
generally accorded halfway through the time sample. This form of approximation 
produced percent differences as high as 47.2%, and as low as 0.0%, as seen in 
Tables 10 and 11.  
 
For all three flooding conditions, the damaged condition RAO curve from 
algorithm had values greater than that of the initial condition, from ω = 0.5 rad/s to 
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ω = 0.9 rad/s and ω = 1.3 rad/s to ω = 2.1 rad/s. All three damaged curves dip below 
their corresponding intact curves ω = 1.1 rad/s. This might have to do with an 
inaccuracy in the measurement of the steady state amplitudes from the algorithm’s 
graphs. Seen below, Figures 13, 14, and 15 show that the intact steady states do not 
develop in an ideal form, making for poor approximation. Outside this range, the 
initial condition consistently has a larger reaction, regardless of flooding condition.  
 
Figure 13: Time series for Test 6 
 
 
 
 
 
 
 
Figure 14: Intact steady state time series for Test 6 
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Figure 15: Damaged steady state time series for Test 6 
 
The similarity of Figures 10, 11, and 12 makes it safe to conclude that the 
longitudinal location of the flooding has little to no effect on the response of the 
ship in roll. Most importantly, the damaged condition has an RAO 58.43% to 
63.85% greater than the initial conditions at the roll natural frequency for all three 
flooding conditions. However, it is difficult to determine exactly how much greater 
the response is in a flooded condition, in general. Further testing with larger time 
samples were found to produce somewhat more stable steady state conditions, but 
at a very significant increase in matrix size. In some cases, particularly towards the 
middle tests, such as Test 7, the matrixes would grow to such a size that Python 
would crash and be unable to complete the programs.  
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By observing the graphs encompassing the entire time series for a given test in 
Appendix I, across each flooding condition, the tests repeat patterns. This is 
probably because there are three tests for one ω. For example, Test 1 is similar to 
Tests 13 and 25 in overall shape, although their amplitudes vary, and Test 13 seems 
to strangely have little amplitude at about t = 1175 seconds. Due to these patterns, 
the time series of each test will be considered in trios while evaluating the transient 
states.  
 
In every test’s time series, there are two transient states. The first one is the intact 
transient state that ranges from t = 0 s to generally t = 300 s. Depending on the test, 
this transient state can last longer, reaching t = 500 s. This state can generally be 
ignored because it is equivalent to the vessel being dropped into the given sea state, 
instead of gradually reacting to the sea state as the sea state developed. The second 
transient state ranges from t = 600 s to generally t = 1400 s, sometimes lasting until 
t = 1600 s. This second state is the flooding transient state. From t = 600 s to t = 
1200 s, the vessel floods and from t = 1200 s to t = 1400-1600s the vessel begins to 
reach a steady state with its new condition in the given sea state.  
 
Starting with Test 1, 13, and 25, very little stands out in the second transient state. 
Tests 1 and 25 are very stable and do not have large amplitude spikes. As said 
before, Test 13 has an unusual point around t = 1175 s where it reaches a very small 
amplitude. Test 13 also has a mild spike in amplitude at t = 1200, of roughly 0.7 
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degrees. This is not so unusual as to draw any conclusions from. The dampening at 
t = 1175 s is defined by a parametric (interpolative) equation of the sixth order. It 
is possible that this equation created an excessive number near this point.  
 
Tests 2, 14, and 26 are remarkably similar to Tests 1, 13, and 25. All six tests are 
stable, and Test 14 also experiences an amplitude dip and spike. The spike is at t = 
1200 s, like with Test 13, but the dip is sooner, roughly at t = 1100 s instead of t = 
1175, as with Test 14.  
 
Tests 3, 15, and 27 are stable and similar to each other. However, Test 27 does have 
an unusual increase in amplitude from about t = 1050 s to t = 1200 s, where the heel 
angle appears to oscillate further to port than starboard.  
 
Tests 4, 16, and 28 all have unusual points but are otherwise stable. In Test 4, an 
unusual spike favoring a heel to port develops similar to the spike in Test 27. Test 
16 is much like Tests 13 and 14, with an amplitude dip near t = 1175 s, but a 
somewhat larger spike at t = 1200 s. Test 28 is somewhat like Test 27, however, its 
spike leading up to t = 1200 s seems to be more balanced and less in favor of a heel 
to port.  
 
Tests 5, 17, and 29 have relatively stable steady states. However, their transient 
states are not. Tests 5 and 17 have a similar transient state from t = 600 s to t = 
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1200s. Their amplitudes appear to shrink up to 1200 s. In Test 17, the vessel very 
quickly reaches a steady state after t = 1200 s. This is not particularly unusual. 
However, Test 5 has a very large spike just after t = 1200 seconds, reaching roughly 
-38 degrees and +27 degrees of heel. However, given that Test 5 reaches a small 
amplitude steady state at roughly t = 1400 s, it seems safe to conclude that is large 
spike is the result of Newmark’s Beta method and not actually what would occur. 
Test 29 repeats the unusual spike favoring a heel to port seen in Test 27, but with a 
larger amplitude. 
 
Tests 6, 18, and 30 are all high unusual. They all fail to reach a proper intact steady 
state, and have unusual flooding transient states leading up to t = 1200 s. Test 6 and 
30 appear to continue the gradual spike that favors a port heel, while Test 18 
dampens as it approaches t = 1200 s. Some experimentation was done on these tests, 
where the number of time steps was increased by reducing the value of dt. However, 
this produced very large matrices on the order of 107 and 108 that either forced 
Python to crash or failed to produce steadier time series.  
 
Tests 7, 19, and 31 are more stable than the previous trio of tests, and have larger 
amplitudes, indicating the approach to ω = 0.5 rad/s. Test 7 has a very standard 
shape, similar to Test 1, just with a larger amplitude. Test 19 continues the pattern 
of Test 13, where the amplitude begins to dip in transient state, presumably 
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approaching zero. Test 31 has a very gradual amplitude dip in the transient state 
while approaching t = 1200 s but is otherwise similar to Test 7.  
 
Test 8, 20, and 32 have well defined steady states, and flooding transient states that 
appear to experience amplitude dips, but in much sharper forms than before. All 
three tests seem to favor a heel to port early in the flooding, and then as the flooding 
begins to end experience an amplitude dip as if the vessel is experiencing less roll. 
This implies that the very little seawater present in the ship at t = 650 s would cause 
the ship to lurch to port. This makes little sense. It is safe to state that the flooding 
transient states for these tests can be ignored. 
 
Tests 9, 21, and 33 correspond to ω = 0.6 rad/s, and so begin to experience large 
amplitudes and each have unusual shapes. Test 9’s flooding transient state seems 
to strangely increase than decrease in amplitude. Test 21’s initially increases, 
decreases, and then increases sharply in favor of a heel to port (-55 degrees and +47 
degrees). Test 33 has a sharp increase, small dip, and then a steep decline in 
amplitude in its transient state, implying the vessel experiences less roll while 
flooding. While Test 21’s overall shape makes sense, as it implies the vessel begins 
to roll more and more severely to port, the large amplitude of this roll does not 
make sense. Given the highly contradictory results between all three tests, no 
conclusion can be made. 
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Test 10, 22, and 34 correspond to ω = 0.5 rad/s. These graphs have the unusual 
distinction of the steady states having much larger amplitudes than the transient 
states. Test 10 has a steady state that almost seems stable in amplitude from t = 900 
s, to t = 1050 s. However, it begins to grow steeply as it approaches and after it 
passes t = 1200 seconds. The same can be said of Test 22, however, the increase in 
amplitude is somewhat more gradual and well defined. Figure 34 does the opposite 
of the others and dampens while approaching t = 1200s. Test 22 matches 
expectations as it indicates the vessel rolls more as it floods. 
 
Tests 11, 23, and 35 all require finer time steps for increased clarity, but, as stated 
before, this could not be done with the given Python limitations. Regardless, a 
general pattern that the vessel grows more stable as the flooding continues can be 
seen in the flooding transient states of all three graphs. 
 
Tests 12, 24, and 36 produce poor graphs regardless of how fine the time steps are. 
Simply, the spikes are two sharp and for clearly defined oscillations to form, 
although vague patterns can be seen. The poor state of these graphs makes drawing 
conclusions on the transient states pointless. 
 
Given that amplitudes seem to consistently shrink (except in Tests 21 and 22) while 
flooding in the second flooding condition (Hold 3, midships), it is possible that the 
ship experiences less roll while flooding at midships, but otherwise experiences 
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similar roll to the other flooding conditions once flooding stops. However, this is 
counterintuitive to how a vessel floods. Tests, such as Test 27 seem the most likely 
to be correct, as they indicate that the vessel begins to heel more sharply to port in 
a dynamic sense.  
 
Overall, it is unclear what generates most of the unusual patterns seen in the 
transient state. It might be a result of the parametric equations used or that 
Newmark’s Beta method was incorrectly applied or simply does not fit linear roll 
motion well. Certainly, Newmark’s Beta method began to operate poorly at small 
values of ω, as seen in Tests 6, 11, 12, 18, 23, 24, 30, 35 and 36, where proper 
steady state and/or transient states failed to develop.  
 
 
 
Conclusion 
 
When comparing the damaged RAO curves to the intact RAO curves, for all three 
flooding conditions, the algorithm predicts that the KRISO responds more to roll 
once damaged. While close in value leading to the natural frequency peak, they 
depart significantly in value, with the algorithm stating an intact RAO value of 
about 5.05 versus a damaged RAO value of about 8.1, a difference of roughly 38% 
in every flooding condition. The intact RAO curve is greater lesser in value at most 
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points than its damaged curve, meaning that the KRISO rolls more sharply while 
damaged. However, this is not true in all cases. After the RAO peak, ω = 0.4 rad/s 
and ω = 0.3 rad/s the vessel rolls more sharply when intact. This same observation 
can be seen at ω = 1.1 rad/s. However, observance of the time series of these graphs 
show that they failed to develop a proper intact steady state, which greatly influence 
the results by likely creating an abnormally large amplitude during the intact steady 
state.  
 
The flooding transient states of each test show three distinct patterns. The first is a 
constant amplitude, as the static heel angle shifts to port. The second is an 
increasing amplitude where the dynamic heel angle favors port. The third is a 
decreasing amplitude where the vessel heels less, as it floods. Only the second 
pattern makes any sense. However, this pattern is not consistent across flooding 
conditions and is somewhat random in its appearance. In Tests 6, 11, 12, 18, 23, 
24, 30, 35 and 36, proper steady state and/or transient states failed to develop. These 
two problems make the transient states difficult to draw meaningful conclusions 
from. Whether this is caused by the parametric equations or Newmark’s Beta 
method is unclear and requires further investigation through further testing.  
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Appendix 
 
 
 
 
 
 
 
Figure 16: Time series for Test 1 
 
Figure 17: Intact steady state time series for Test 1 
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Figure 18: Damaged steady state time series for Test 1 
 
 
Figure 19: Time series for Test 2 
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Figure 20: Intact steady state time series for Test 2 
 
Figure 21: Damaged steady state time series for Test 2 
 
  P a g e  | 37 
 
 
 
 
Figure 22: Time series for Test 3 
 
Figure 23: Intact steady state time series for Test 3 
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Figure 24: Damaged steady state time series for Test 3 
 
 
Figure 25: Time series for Test 4 
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Figure 26: Intact steady state time series for Test 4 
 
Figure 27: Damaged steady state time series for Test 4 
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Figure 28: Time series for Test 5 
 
Figure 29: Intact steady state time series for Test 5 
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Figure 30: Damaged steady state time series for Test 5 
 
 
Figure 31: Time series for Test 6 
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Figure 32: Intact steady state time series for Test 6 
 
Figure 33: Damaged steady state time series for Test 6 
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Figure 34: Time series for Test 7 
 
Figure 35: Intact steady state time series for Test 7 
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Figure 36: Damaged steady state time series for Test 7 
 
Figure 37: Time series for Test 8 
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Figure 38: Intact steady state time series for Test 8 
 
Figure 39: Damaged steady state time series for Test 8 
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Figure 40: Time series for Test 9 
 
Figure 41: Intact steady state time series for Test 9 
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Figure 42: Damaged steady state time series for Test 9 
 
 
Figure 43: Time series for Test 10 
  P a g e  | 48 
 
 
 
 
Figure 44: Intact steady state time series for Test 10 
 
Figure 45: Damaged steady state time series for Test 10 
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Figure 46: Time series for Test 11 
 
Figure 47: Intact steady state time series for Test 11 
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Figure 48: Damaged steady state time series for Test 11 
 
 
Figure 49: Time series for Test 12 
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Figure 50: Intact steady state time series for Test 12 
 
Figure 51: Damaged steady state time series for Test 12 
  P a g e  | 52 
 
 
 
 
Figure 52: Time series for Test 13 
 
Figure 53: Intact steady state time series for Test 13 
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Figure 54: Damaged steady state time series for Test 13 
 
 
Figure 55: Time series for Test 14 
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Figure 56: Intact steady state time series for Test 14 
 
Figure 57: Damaged steady state time series for Test 14 
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Figure 58: Time series for Test 15 
 
Figure 59: Intact steady state time series for Test 15 
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Figure 60: Damaged steady state time series for Test 15 
 
 
Figure 61: Time series for Test 16 
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Figure 62: Intact steady state time series for Test 16 
 
Figure 63: Damaged steady state time series for Test 16 
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Figure 64: Time series for Test 17 
 
Figure 65: Intact steady state time series for Test 17 
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Figure 66: Damaged steady state time series for Test 17 
 
 
Figure 67: Time series for Test 18 
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Figure 68: Intact steady state time series for Test 18 
 
Figure 69: Damaged steady state time series for Test 18 
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Figure 70: Time series for Test 19 
 
Figure 71: Intact steady state time series for Test 19 
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Figure 72: Damaged steady state time series for Test 19 
 
 
Figure 73: Time series for Test 20 
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Figure 74: Intact steady state time series for Test 20 
 
Figure 75: Damaged steady state time series for Test 20 
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Figure 76: Time series for Test 21 
 
Figure 77: Intact steady state time series for Test 21 
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Figure 78: Damaged steady state time series for Test 21 
 
 
Figure 79: Time series for Test 22 
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Figure 80: Intact steady state time series for Test 22 
 
Figure 81: Damaged steady state time series for Test 22 
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Figure 82: Time series for Test 23 
 
Figure 83: Intact steady state time series for Test 23 
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Figure 84: Damaged steady state time series for Test 23 
 
 
Figure 85: Time series for Test 24 
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Figure 86: Intact steady state time series for Test 24 
 
Figure 87: Damaged steady state time series for Test 24 
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Figure 88: Time series for Test 25 
 
Figure 89: Intact steady state time series for Test 25 
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Figure 90: Damaged steady state time series for Test 25 
 
 
Figure 91: Time series for Test 26 
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Figure 92: Intact steady state time series for Test 26 
 
Figure 93: Damaged steady state time series for Test 26 
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Figure 94: Time series for Test 27 
 
Figure 95: Intact steady state time series for Test 27 
  P a g e  | 74 
 
 
 
 
Figure 96: Damaged steady state time series for Test 27 
 
Figure 97: Time series for Test 28 
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Figure 98: Intact steady state time series for Test 28 
 
Figure 99: Damaged steady state time series for Test 28 
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Figure 100: Time series for Test 29 
 
Figure 101: Intact steady state time series for Test 29 
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Figure 102: Damaged steady state time series for Test 29 
 
 
Figure 103: Time series for Test 30 
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Figure 104: Intact steady state time series for Test 30 
 
Figure 105: Damaged steady state time series for Test 30 
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Figure 106: Time series for Test 31 
 
Figure 107: Intact steady state time series for Test 31 
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Figure 108: Damaged steady state time series for Test 31 
 
 
Figure 109: Time series for Test 32 
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Figure 110: Intact steady state time series for Test 32 
 
Figure 111: Damaged steady state time series for Test 32 
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Figure 112: Time series for Test 33 
 
Figure 113: Intact steady state time series for Test 33 
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Figure 114: Damaged steady state time series for Test 33 
 
 
Figure 115: Time series for Test 34 
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Figure 116: Intact steady state time series for Test 34 
 
Figure 117: Damaged steady state time series for Test 34 
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Figure 118: Time series for Test 35 
 
Figure 119: Intact steady state time series for Test 35 
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Figure 120: Damaged steady state time series for Test 35 
 
 
Figure 121: Time series for Test 36 
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Figure 122: Intact steady state time series for Test 36 
 
Figure 123: Damaged steady state time series for Test 36 
 
 
 
 
